Abstract: A series of Hf:Yb:Nd:LiNbO 3 crystals with different [Li]/[Nb] ratios (0.946, 1.05, 1.20, and 1.38) were grown using the Czochralski method. X-ray diffraction phase results of the samples show that the LiNbO 3 doped Hf 4+ , Yb 3+ , and Nd 3+ only have a slight change in the lattice constant. The birefringence gradient of the HfYbNd4 sample measured using the birefringence gradient method was 3.3 × 10 −5 ∆R/cm −1 , which was the best optical uniformity. The optical damage resistance ability was measured using the light-induced scattering exposure energy flus threshold method. When the [Li]/[Nb] ratios in the melt achieve 1.38, the exposure energy achieves 120.74 J/cm 2 , which is approximately 87 times higher than HfYbNd1.
Introduction
Lithium niobate crystal is an optically functional material that combines the advantages of piezoelectric, acousto-optic, photorefractive, and nonlinear properties [1] [2] [3] . However, in practical applications, pure LiNbO 3 crystals cannot achieve the desired result due to the existence of the photorefractive damage. In recent years, many methods have been used to improve the optical properties of crystals, in which doping anti-photorefractive ions are the most promising method [4] . It was demonstrated that anti-photorefractive ions, such as Mg, Sc, and In, can significantly improve the optical damage resistance of LiNbO 3 [5] [6] [7] [8] . Zhen et al. reported that In 3+ -doped Nd:LiNbO 3 can significantly improve the optical damage resistance [9] . In the early years, some scholars discovered that the optical damage resistance properties of Er 3+ -doped Sc:LiNbO 3 have been unexpectedly improved [10] . There are many places worth investigating to improve the optical damage resistance by doping with ions.
As is known to all, rare-earth (RE) ions doped into LiNbO 3 materials have comprehensive applications in optical amplifiers, optical communication, laser devices, and so on. Among many rare-earth (RE) ions, Nd 3+ ion has attracted considerable attention, due to its symmetry and abundant energy levels [11] . Although up-conversion luminescent of Nd:LiNbO 3 crystals has been observed, the absorption of Nd:LiNbO 3 crystals at pumping wavelength is weak [12, 13] . Hence, Yb 3+ ions, as sensitized ions, had been incorporated into the melt to improve the up-conversion luminescence efficiency of the crystals [14, 15] . The spectral properties of Yb:Nd:LiNbO 3 crystals have been reported and demonstrated for their potential in practical applications [16] . In order to improve the light-induced scattering of the crystal, it is necessary to incorporate light-induced scattering ions in the melt. Therefore, incorporating HfO 2 in the melt is more suitable for this test. Hf 4+ is a tetravalent ion
Results and Discussion

XRD Diffraction Analysis
In order to study the influence of the [Li] /[Nb] ratios' change on the structure of the Hf:Yb:Nd:LiNbO 3 crystals, the samples were tested using X-ray powder diffraction. The test was performed on a XRD-6000 X-ray powder diffractometer manufactured by SHIMADZU Corporation. The XRD patterns of Hf:Yb:Nd:LiNbO 3 crystals with four sets of [Li] /[Nb] ratios are shown in Figure 1 .
As can be seen from Figure 1 , the diffraction peak positions of the four samples are substantially the same. There is no new diffraction peak generated as the [Li] /[Nb] ratios changes. This indicates that doping Hf 4+ , Yb 3+ , and Nd 3+ , or changing [Li] /[Nb] ratios, will not change the internal structure of LiNbO 3 crystals. This verified that after adding the Hf, Yb, and Nd ions to crystal lattice of LiNbO 3 , the structure did not change dramatically, in which new phase did not produce and the crystal still belonged to the trigonal system [22] . Based on the ion radius approximation principle in the crystal field theory, the doped ion entered crystal lattice by replacing the Li + and Nb 5+ ion instead of occupying the slot among crystal lattice. However, the ionic radius of Hf 4+ , Yb 3+ , Nd 3+ , Li + , and Nb 5+ are 0.071 nm, 0.0868 nm, 0.0883 nm, 0.076 nm, and 0.064 nm, respectively. Since the doping ions and the substitution ions have different radii, the lattice constant and the atomic position slightly change, and the position of the diffraction peak also changes.
According to the results, the lattice constants of the four samples are calculated by the least square method, and the unit cell volume is calculated according to the following formula.
in which a and c represent the lattice constants of the a-axis and the c-axis of the Hf:Yb:Nd:LiNbO 3 crystals, respectively. The calculated results are shown in Table 1 . It can be seen from the figure that the trend of the lattice constant of all the samples increases first and then decreases with the increase and 1.38 in the melt, which were labeled as HfYbNd1, HfYbNd2, HfYbNd3, and HfYbNd4, respectively. The ingredients were thoroughly mixed for 24 h and then heated. Then, the mixture was heated to 750 °C for two hours to remove CO2 and sintered at 1050 °C for 10 h to form polycrystalline. Controlling the temperature is the main point of crystal growth, and finding the suitable temperature for seeding is the prerequisite for the perfect crystal growth. As the [Li] /[Nb] ratios in the melt changes, the speed of pulling and rotation of seed are different. The pulling speeds were 1.8 mm/h, 1.3 mm/h, 0.8 mm/h, and 0.3 mm/h, and the seed rotation rates were 15 rpm, 18 rpm, 21 rpm, and 24 rpm, for HfYbNd1, HfYbNd2, HfYbNd3, and HfYbNd4, respectively [20, 21] . After growth, the crystals were cooled down to room temperature at a rate of 60 °C/h and polarized to obtain high quality single crystals. Then, the crystals were sliced into a thin wafer along the y-axis that had a diameter of 10 × 20 × 2 mm (x × z × y). The wafers were double-sided polished to optical grade.
Results and Discussion
XRD Diffraction Analysis
In order to study the influence of the [Li] /[Nb] ratios' change on the structure of the Hf:Yb:Nd:LiNbO3 crystals, the samples were tested using X-ray powder diffraction. The test was performed on a XRD-6000 X-ray powder diffractometer manufactured by SHIMADZU Corporation. 
Optical Homogeneity
Optical homogeneity refers to the degree of change in the refractive index of the crystal. Optical homogeneity was measured using the birefringence gradient method [26] . The experimental setup for measuring the light-induced scattering of the Hf:Yb:Nd:LiNbO 3 crystals with different [Li] / [Nb] ratios is shown in Figure 2 . Using He-Ne laser as the light source (λ = 632.8 nm), the beam becomes linearly polarized after passing through the polarizer; the polarization direction is the Y direction, and the optical axis of the crystal is 45° to the polarization direction. Linear polarized light enters the crystal and splits into o light and e light. Since the propagation speeds of o and e light are different in the crystal, the light leaving the crystal is elliptically polarized. X, Y direction is exactly 1/4 wave plate fast axis direction, which is also the long axis of the ellipse. Therefore, the light emitting from the quarter-wave plate is linearly polarized light and the angle between the polarization direction and the y-axis is φ. So, the analyzer should be rotated from the positive and negative position; φ angle can make the output very small, which is called extinction angle [27] . The birefringence gradient is expressed as follows:
The symbols in the above formula represent the meanings, respectively: d stands for light length, ∆ is the length of the distance between two points in the scanning direction, λ represents the wavelength of the laser, and ∆ is the difference of the extinction angles between two points. Besides, the transmitted light intensity (I) can be described from the following equation:
0 represents the incident light intensity. So, the expression of ∆ can be calculated as follows:
1 , 2 represent the light intensity, whose distance is ∆ in the scanning direction, respectively. In this case, the birefringence gradient becomes readily available. The ∆ values measured by this method are shown in Table 2 . As can be seen from Using He-Ne laser as the light source (λ = 632.8 nm), the beam becomes linearly polarized after passing through the polarizer; the polarization direction is the Y direction, and the optical axis of the crystal is 45 • to the polarization direction. Linear polarized light enters the crystal and splits into o light and e light. Since the propagation speeds of o and e light are different in the crystal, the light leaving the crystal is elliptically polarized. X, Y direction is exactly 1/4 wave plate fast axis direction, which is also the long axis of the ellipse. Therefore, the light emitting from the quarter-wave plate is linearly polarized light and the angle between the polarization direction and the y-axis is ϕ. So, the analyzer should be rotated from the positive and negative position; ϕ angle can make the output very small, which is called extinction angle [27] . The birefringence gradient is expressed as follows:
The symbols in the above formula represent the meanings, respectively: d stands for light length, ∆x is the length of the distance between two points in the scanning direction, λ represents the wavelength of the laser, and ∆φ is the difference of the extinction angles between two points. Besides, the transmitted light intensity (I) can be described from the following equation:
I 0 represents the incident light intensity. So, the expression of ∆R can be calculated as follows:
I 1 , I 2 represent the light intensity, whose distance is ∆x in the scanning direction, respectively. In this case, the birefringence gradient becomes readily available. The ∆R values measured by this method are shown in Table 2 . As can be seen from 
Light-Induced Scattering
The optical damage resistance of Hf:Yb:Nd:LiNbO 3 with different [Li] /[Nb] ratios was measured using light-induced scattering exposure flux threshold energy method. The experimental setup of light-induced scattering measurement is shown in Figure 3 . An extraordinary polarized light is projected onto the sample and using tunable neutral density filter (NF) to change the incident intensity. Two photo-detectors (D1, D2) are used to receive the intensities of the pump and reference beams (P, R), respectively. smallest. The optical homogeneity of the crystal is characterized by the birefringence gradient. The optical homogeneity becomes worse as the birefringence gradient increases. 
The optical damage resistance of Hf:Yb:Nd:LiNbO3 with different [Li] /[Nb] ratios was measured using light-induced scattering exposure flux threshold energy method. The experimental setup of light-induced scattering measurement is shown in Figure 3 . An extraordinary polarized light is projected onto the sample and using tunable neutral density filter (NF) to change the incident intensity. Two photo-detectors (D1, D2) are used to receive the intensities of the pump and reference beams (P, R), respectively. Figure 4 shows the exposure time dependence on the transmitted intensity of Hf:Yb:Nd:LiNbO3 crystals. The relationship between the light-induced scattering intensity (Is) and the transmitted light intensity at the start of incidence (IT0) and at the time of t (ITt) is as follows. Besides, the strength of the light-induced scattering of doped LiNbO3 crystals is described by Rs, which is the ratio of the lightinduced scattering intensity (Is) to the incident light intensity (IT0).
The dependence of the scattering ratio of Hf:Yb:Nd:LiNbO3 crystals on exposure time is shown in Figure 5 . Saturation scattering ratio (RS,sat) and scattering time constant is represented by (τ), the intensity of the laser light passing through the lens by (I0), the effective light incident upon the crystal by (Ieff), and the intensity of the light reflected by the crystal by (IR); the approach to incidence of an effective exposure energy flow to the crystal (Er) can be obtained from the following equations [28, 29] : Figure 4 shows the exposure time dependence on the transmitted intensity of Hf:Yb:Nd:LiNbO 3 crystals. The relationship between the light-induced scattering intensity (Is) and the transmitted light intensity at the start of incidence (I T0 ) and at the time of t (I Tt ) is as follows. Besides, the strength of the light-induced scattering of doped LiNbO 3 crystals is described by Rs, which is the ratio of the light-induced scattering intensity (Is) to the incident light intensity (I T0 ).
The dependence of the scattering ratio of Hf:Yb:Nd:LiNbO 3 crystals on exposure time is shown in Figure 5 . Saturation scattering ratio (R S,sat ) and scattering time constant is represented by (τ), the intensity of the laser light passing through the lens by (I 0 ), the effective light incident upon the crystal by (I eff ), and the intensity of the light reflected by the crystal by (I R ); the approach to incidence of an effective exposure energy flow to the crystal (E r ) can be obtained from the following equations [28, 29] :
I e f f + I R = I 0 (8)
Crystals 2018 Table 3 shows that the exposure energy is also greatly improved, especially the exposure energy of sample HfYbNd4, which reaches up to 120.74 J/cm 2 , which is much larger than the other samples. The exposure energy of HfYbNd4 is about 87-fold that of HfYbNd1. It is concluded from the analysis that the sample HfYbNd4 has the best performance to suppress the light-induced scattering. In addition, the measured light scattering parameters were compared with what other scholars have done. It can be seen that the exposure energy of HfYbNd3 has exceeded the group for comparison. This proves that our research is valuable. 
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Nb . Because of its negative ion, the ability to capture ions will be greatly reduced, and the crystal will remain neutral. Due to the disappearance of the photorefractive center, the photorefractive effect in the crystal will be weakened. Hence, the ability of the crystal to resist light damage is greatly enhanced. Therefore, exposure energy of Hf:Yb:Nd:LiNbO 3 crystal is increased by two orders of magnitude via increasing the concentration of Li + , which further leads to the improvement of the optical damage resistance of Hf:Yb:Nd:LiNbO 3 crystal. 
Conclusions
